The loss of naïve T cells is a hallmark of immune aging. Although thymic involution is a primary driver of this naïve T cell loss, less is known about the contribution of other mechanisms to the depletion of naïve T cells in aging primates. We examined the role of homeostatic cycling and proliferative expansion in different T cell subsets of aging rhesus macaques (RM). BrdU incorporation and the expression of the G1-M marker Ki-67 were elevated in peripheral naïve CD4 and even more markedly in the naïve CD8 T cells of old, but not young adult, RM. Proliferating naïve cells did not accumulate in old animals. Rather, the relative size of the naïve CD8 T cell compartment correlated inversely to its proliferation rate. Likewise, T cell receptor diversity decreased in individuals with elevated naïve CD8 T cell proliferation. This apparent contradiction was explained by a significant increase in turnover concomitant with the naïve pool loss. The turnover increased exponentially when the naïve CD8 T cell pool decreased below 4% of total blood CD8 cells. These results link the shrinking naïve T cell pool with a dramatic increase in homeostatic turnover, which has the potential to exacerbate the progressive exhaustion of the naïve pool and constrict the T cell repertoire. Thus, homeostatic T cell proliferation exhibits temporal antagonistic pleiotropy, being beneficial to T cell maintenance in adulthood but detrimental to the long-term T cell maintenance in aging individuals.
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aging ͉ CD8 ͉ homeostasis T he immune system undergoes dramatic age-related changes in both structure and function. Of these, the best investigated and the most pronounced are the changes affecting aging T cells. Age-related changes were seen in T cell subset representation and T cell diversity in humans (1-3) and experimental animals (4, 5) and have been associated with higher mortality in the aging humans (6, 7) . Moreover, impaired T cell activation has been documented in senescent rodent and human T cells (8) (9) (10) (11) . Although the molecular lesions in T cell activation have been thoroughly studied, the picture of the age-related dysregulation of T cell populations is still emerging.
Optimal protection against new or evolving pathogens requires a reserve of naïve T cells. However, naïve T cell production is reduced in old age because of the involution of the thymus. The maintenance of the naïve T cell compartment is further challenged by the lifelong consumption of naïve cells that respond to acute and persistent infections and become memory T cells. With age, the balance between naïve and antigenselected memory cells changes in favor of the latter, reducing the diversity of T cell receptors (TCRs). In fact, the aging naïve T cell population is reduced in both relative and absolute terms, suggesting that homeostatic mechanisms that maintain the size and the clonal diversity of the T cell repertoire progressively break down (12) (13) (14) .
T cells can also be replenished by extrathymic mechanisms, which rely on homeostatic proliferation in the absence of manifest antigenic stimulation. Little is known about the role of homeostatic proliferation in the maintenance of naïve T cell pools in the aging host. A cross-comparison of young and elderly humans showed an increase in naïve CD4 cell cycling in the very old (15) . In adult rodents depletion of naïve T cells initiates compensatory homeostatic cycling in the remaining naïve T cells, likely because of the surplus of maintenance cytokines, such as IL-7 (reviewed in ref. 16 ). Increased T cell cycling was also observed in primates with low CD4 counts upon simian immunodeficiency virus (SIV) infection (17) . It remains unclear whether compensatory proliferation occurs during natural agerelated loss of naïve cells and what the role is for this mechanism in the maintenance the TCR diversity.
To gain a clinically relevant insight into the homeostatic regulation of T cell subsets with aging, we have developed and characterized the rhesus macaque (Macaca mulatta, RM in the text) model of immune senescence (18, 19) . This model recapitulates the changes in T cells of elderly humans, which are not seen in old rodents, particularly with regard to the expression patterns of CD28 (18, 20) . Here we report on the role of homeostatic proliferation in the renewal of the naïve T cell compartment of old primates. We show that the extent of proliferation in the naïve T cell compartment correlates positively to age and negatively to the relative size of the naïve T cell pool in peripheral blood and to the TCR diversity. These results are discussed in light of the antagonistic pleiotropy theory of aging (21, 22) .
Results
Significant age-dependent loss of naïve cells occurs in humans, non-human primates, and rodents (reviewed in refs. 13 and 23). To confirm this in our RM cohorts, we compared T cell phenotypes of peripheral blood mononuclear cells (PBMC) in young adult (6-9 years old) and aged (18-24 years old) RM. As previously published (18, 20) ϩ subsets than the adult ones ( Fig. 1) , and this difference was statistically significant (P Ͻ 0.0001 for CD4 and P ϭ 0.0012 for CD8). In accord with previous results (18) (19) (20) , we observed a significant increase in CD4
ϩ CM cells and CD8 ϩ EM cells in the old RM cohort ( Fig. 1 ) with no significant genderrelated differences.
The response of T lymphocytes to natural or experimentally induced lymphopenia features a compensatory increase in cycling of the remaining cells (16, 24) . It is unclear whether N T cell loss during normal aging leads to compensatory cell proliferation, whether it affects both major T cell subsets (CD4 and CD8), and whether and how this may impact the dynamics of the aged T cell compartment. Therefore, we examined the expression in the naïve subsets of CD4 and CD8 T cells of Ki-67, a marker expressed in the G 1 -M phases of the cell cycle that rapidly disappears in the G 0 phase (25) . Only Ϸ1% of N cells in each subset expressed Ki-67 in the adult cohort, in contrast to the 2-and 2.5-fold-larger Ki-67 ϩ fraction among the old N CD4 (P ϭ 0.0078) and CD8 (P ϭ 0.0011), demonstrating a significantly higher cycling in old T cells ( Fig. 2A) .
Our results were similar to the data by Naylor et al. (15) on human CD4 T cells. The critical question, not answered by their work, is whether the age-related naïve T cell loss is causally connected to increased proliferation of old naïve T cells. If so, one would expect that animals with the smallest N T cell compartment should exhibit the most pronounced naïve T cell proliferation. Consistent with that prediction, we found strong positive correlation between naïve T cell proliferation and shrinking of the N CD8 ϩ (Fig. 2B) and N CD4 ϩ (data not shown) pools in individual animals. To independently confirm these data, we redefined naïve CD8 T cells using alternative markers CCR-7, CD11a, and CD31 (20, 26) and measured Ki-67 expression in these populations. The results confirmed the correlation of N CD8 proliferation to the age and the size of the N pool regardless of the markers used to define N cells (SI Fig. 8) .
We also examined the TCR diversity in aging monkeys by analyzing the TCRV␤ CDR3 length polymorphism (27) . V␤ families exhibiting a single PCR peak were classified as containing T cell clonal expansions (TCE) and were quantified in each monkey as a correlate of T cell repertoire diversity loss. The percentage of V␤ families with a TCE was plotted for each animal against naïve T cell size and proliferation. Not surprisingly, the size of the naïve CD8 pools inversely correlated to the fraction of V␤ families exhibiting a TCE (Fig. 3A) , confirming that the loss of naïve T cells results in an overall loss of TCR repertoire diversity. We next correlated Ki-67 expression in N 
CD8 T cells to the number of TCE
ϩ V␤ families in our monkey cohort. TCE were more frequent in animals with high Ki-67 ϩ N populations (Fig. 3B) . Therefore, our data argue for a direct correlation between N CD8 proliferation and loss of TCR repertoire.
The increase in N T cell homeostatic proliferation in the blood of old animals could be specific for blood or representative of homeostatic proliferation in other peripheral lymphatic organs. To discern between these possibilities, we measured Ki-67 expression in N CD8 ϩ cells derived from lymph nodes (Fig. 4A ), bone marrow (Fig. 4B) , and spleen ( Fig. 4C ) and compared them to the values obtained from parallel PBMC samples. The bone marrow (Fig. 4A ) and lymph nodes (Fig. 4B) contained similar or lower percentages of proliferating N cells than PBMC in most of the animals. On the other hand, proliferation was generally higher in the spleen than in PBMC, and this effect was more pronounced with age (Fig. 4C) . Therefore, elevated cycling of peripheral naïve T cells in old monkeys was not confined to blood, and spleen was likely the main site of age-related homeostatic N T cell proliferation.
An increase in proliferation should result in expansion of that cell subset provided that there is no cell loss. However, the increase in naïve T cell homeostatic proliferation was not matched by an increase in the naïve T cell pool but rather correlated to its decline ( Fig. 2 and data not shown) . To test whether naïve T cell turnover is increased in old monkeys, we used the BrdU pulse-chase approach. Cohorts of adult and old monkeys were pulsed with BrdU on days 0-3 and assayed for its incorporation/decay kinetic in blood T cells over time. In this analysis, BrdU ϩ cells are those that proliferated at any time over the 4 days of BrdU administration (the pulse), and they can be further differentiated into actively proliferating cells (Ki-67 ϩ BrdU ϩ , cells that proliferated both at the time of the pulse, thus BrdU ϩ , and also at the time of analysis, thus Ki-67 ϩ ) and cells that ceased proliferating by the time of detection (Ki-67 Ϫ BrdU ϩ ). BrdU incorporation into actively proliferating (Ki-67 ϩ BrdU ϩ ) T cells peaked on the day after the BrdU pulse (day 4) and rapidly declined thereafter, with the highest overall proliferation in CM cells and the lowest overall proliferation in N cells, consistent with previous findings (20) . Cross-age comparisons revealed no age-related differences in the Ki-67 ϩ BrdU ϩ kinetics in the EM subsets and an age-related decline in proliferation of CM CD4 (P Ͻ 0.0001) and CD8 (P ϭ 0.0338) cells (Fig. 5A ). Whereas the naïve T cells exhibited lower BrdU incorporation relative to CM and EM cells, CD4 and CD8 naïve subsets from old RM showed higher peak percentages of Ki-67 ϩ BrdU ϩ cells than those in young monkeys (Fig. 5A ), and this difference was significant in the case of CD8 cells (P ϭ 0.0073). This provided an independent confirmation of our Ki-67 results from Fig. 2 .
As might be expected, BrdU peaked somewhat later and was retained longer in cells that ceased proliferating by the time of detection (Ki-67 Ϫ cells) (Fig. 5B) . A significant (P ϭ 0.0009) age-related decrease in the peak percentage of Ki-67 Ϫ BrdU ϩ cells was observed in the CD4 CM cells, consistent with the data from Fig. 5A showing reduced Ki-67 ϩ BrdU ϩ labeling in old CM cells (Fig. 5B ). Yet the most remarkable age-related difference was seen in the N cells, where the old RM had higher peak values of Ki-67 Ϫ BrdU ϩ N cells compared with adult ones (Fig. 5B) . The difference was significant in N CD8 cells (P Ͻ 0.0001) and showed the same trend, but no statistical significance, in the N CD4 cells (P ϭ 0.0909). Interestingly, the peak of Ki-67 Ϫ BrdU ϩ cells exceeded the peak of Ki-67 ϩ BrdU ϩ CD8 cells in old RM, arguing that Ki-67 Ϫ BrdU ϩ N cells migrated into the blood after proliferating elsewhere. This was consistent with the high Ki-67 ϩ values found in spleen N cells (Fig. 4C) , suggesting that spleen was the main site of naïve T cell proliferation. Moreover, BrdU was lost more rapidly from the N CD8 cells of old animals than from their counterparts in young animals (P ϭ 0.0003), as measured by comparing differences between the percentage of BrdU ϩ cells at the peak and at the end of the chase period.
Taken together our data showed that N CD8 and, to a lesser extent, N CD4 T cells in old animals exhibited higher proliferation and higher turnover than their young counterparts.
This, together with a decrease in the relative size of the N subset, suggested that elevated turnover comes with a N T cell loss that matches or exceeds the elevated proliferation in RM with small N CD8 pools. To define the relationship between turnover and the size of the N CD8 pool, we correlated the peak percentage of Ki-67 Ϫ BrdU ϩ cells (day 18) to the relative size of N CD8 ϩ pools in individual animals. We observed a clear relationship consistent with the loss of homeostatic control, so that a loss of naïve CD8 T cells progressively turned into a logarithmic increase in BrdU incorporation (Fig. 6) . Importantly, whereas the vast majority of animals with reduced N CD8 T cell pool were old, adult outliers with few naïve T cells also showed high BrdU incorporation, and, conversely, old animals with preserved N T cells showed low N T cell proliferation. Thus, all 10 animals with Ͻ5% of naïve cells in the CD8 pool had Ͼ2% of BrdU ϩ cells, and six of seven animals with Ͻ3% of naïve CD8 cells had Ͼ4% of BrdU ϩ cells. On the other side of the spectrum, all animals with Ͼ30% of naïve cells had Ͻ1% of BrdU ϩ cells (Fig. 6A) . Overall, there was a significant inverse association between the percentage of Ki-67 Ϫ BrdU ϩ cells and the percentage of N CD8 ϩ cells (P Ͻ 0.0001), so that for a 1% increase in the N CD8 T cell population there was a 0.65% decrease in the Ki-67 Ϫ BrdU ϩ cells in the CD8 N population. Finally, we found that the animals with high turnover in the N CD8 gate (BrdU ϩ Ͼ 2%), exhibited a lower percentage of BrdU ϩ cells in the adjacent memory T cell gates (Fig. 6B) , which excluded the possibility that the turnover increase observed in small N populations was an artifact caused by the contamination of the N cell gate with memory cells. Therefore, the turnover of N CD8 cells correlated inversely to the size of their pool regardless of the age of the animals. These results also ruled out the possibility that the proliferation of the naïve pool occurred as a bystander effect of a generalized increased in T cell turnover, i.e., because of an infection, which would be expected to affect more severely the memory pool. Similar results have been observed in the naïve CD4 population, but the correlation was less tight (data not shown).
Discussion
The results shown above document that the naïve T cell compartment in RM undergoes increased proliferation and turnover with age and that this increase correlates inversely to the size of the naïve T cell pool. Our results strongly argue that the age-specific increase in homeostatic proliferation is specific for naïve and not memory T cells and that its correlation to N pool size occurs regardless of the parameters used to define the naïve T cells. We thereby excluded alternative trivial explanations that the increase in Ki-67 or BrdU labeling reflects a general age-related increase in T cell turnover, a concurrent infection or other abnormality, or a contamination with memory cells from one of the adjacent flow cytometry gates. Because we used a CD8␤-specific antibody for the detection of CD8 cells, we detected specifically CD8␣␤ ϩ T cells in our experiments, strongly suggesting that the CD8 subset was of thymic origin rather than gut-derived. We also aimed to examine immune reconstitution in young monkeys, and we observed that in vivo depletion of CD8 ϩ cells by monoclonal antibodies resulted in a significant increase of Ki-67 expression in N CD8 cells (our unpublished observations). Thus, these results suggested that in monkeys under lymphopenia even young N cells react by homeostatic proliferation.
Because peak BrdU values among the blood N CD8 T cells were higher in Ϫ cells than in Ki-67 ϩ cells (Fig. 5 A and B Lower Left), our results indicate that active N proliferation did not occur in blood, and a survey of Ki-67 expression in relevant peripheral lymphatic tissues suggested that spleen may be a major site of homeostatic proliferation. RM spleens exhibited considerably higher absolute T cell counts than the blood or other organs sampled here. A soluble, short-acting mediator driving T cell proliferation would operate more effectively in a compartmentalized organ such as the spleen than systemically in the blood, which is consistent with our results. We interpret the above results to reveal the operation of a homeostatic mechanism that leads to increased cycling in the N T cell pool as the pool shrinks, perhaps as a consequence of increased availability of cytokines that regulate survival and cycling of N T cells (24) . For example, IL-7 is believed to be the main regulator of N T cell turnover, and its administration to monkeys has been shown to increase N T cell proliferation (28) . Based on our recent findings (19, 29, 30) , the reduction in naïve T cell representation and diversity resulting from a mechanism of this kind would have the potential to adversely affect the induction of protective immunity.
In a study of human CD4 T cell maintenance in aging, Naylor et al. (15) have reported results consistent with a progressive decline in thymic output in humans, spanning the sixth and seventh decade of life, followed by a ''catastrophic'' loss of CD4 T cell diversity that could leave many old individuals vulnerable to infection. These authors also noted an increase in CD4 T cell proliferation. The loss of T cell diversity and the increase in CD4 T cell proliferation with age were not linear in that study but were described by the authors to exhibit a ''threshold effect,'' with a dramatic increase after 70 years of age (15) .
We now provide results on the dysregulation of homeostasis in aged non-human primates that are consistent with and can explain much of the above data. We observed an increase in naïve T cell proliferation and turnover whereby the level of turnover increased exponentially with the decrease of N pool size. We explain these results in the context of homeostatic forces that govern the maintenance of peripheral T cell pools. Mild depletion of the naïve T cells is expected to induce a somewhat increased level of homeostatic naïve T cell cycling to maintain the compartment. However, the progressive depletion of the N pool at some point induces homeostatic proliferation where the naïve T cells turn over but also many become memory T cells (16, 28, 31) ; this further depletes the naïve pool. Indeed, the naïve cell numbers and their proliferation seen in our experiments are connected by a perfectly fitting exponential curve, which is best explained by the activation of a positive feedback loop that accelerates T cell loss once the naïve T cells are depleted beyond certain levels. Both the loss of N cells and the increase in their cycling correlated to the occurrence of TCE, and thus to the loss of TCR repertoire diversity, and are consistent with the existence of such a loop.
These results and the results of Naylor et al. (15) should also be considered from the standpoint of Williams's concept of antagonistic pleiotropy (21, 22) , which has garnered renewed interest in the last decade from molecular and cellular biologists (reviewed in ref. 32 ). This concept states that mechanisms that operate earlier in life to ensure the fitness of the organism, and are therefore selected for in a population, often may exert multiple (pleiotropic) effects, which may, later in life, become unwanted. Because there is little selection in the postreproductive stage of life, these ''antagonistic'' effects are essentially unchecked and therefore lead to aging and age-associated dysfunction. By substituting the pleiotropic process (homeostatic proliferation) for a pleiotropic gene (Williams's original concept), one could speculate that homeostatic proliferation contributes to aging of the immune system via such an antagonistically pleiotropic mechanism. Homeostatic cycling would initially be useful for the maintenance of the naïve T cell repertoire in the face of increased consumption and reduced production, probably buying extra time for the organism to be fully defended against pathogens. Late in life, however, this mechanism will defeat its own purpose by exhausting the few remaining N cells. If so, one specific prediction of our work would be that, similar to the effects observed in keratinocyte growth factor-treated SIV-infected adult monkeys (33) , successful treatment of T cell senescence by thymic or peripheral T cell rejuvenation will result in the lowering of cell turnover in the naïve T cell compartment.
Materials and Methods
Animals. Colony-bred male and female RM (M. mulatta) of Indian origin were maintained according to federal, state, and local guidelines. All experiments were approved by the Animal Care and Use Committee at the Oregon National Primate Research Center. Animals with tumors, amyloidosis, or signs of clinical disease were excluded from the study. Cohorts consisted of 18 young adult (mean age ϭ 6.8 years, range 6-9 years, 11 males and seven females) and 36 old (mean age ϭ 21.8 years, range 18-25 years, 15 males and 21 females) RM. All animals were analyzed for T cell phenotype of their PBMC; randomized subsets of these animals were used for other assays as described below, with a minimum of 15 adults and 26 old RM per assay. Because the above RM are part of a longitudinal study, comparison of Ki-67 expression in the spleen and blood was analyzed on unrelated RM (four adult RM, mean age ϭ 13.2 years, range 12-14 years; four old RM, mean age ϭ 25.3 years, range 21-27 years).
BrdU Administration. Fifteen adult and 30 old RM were randomly selected from the above cohort and injected with 2Ј-5Јbromodeoxyuridine (Sigma-Aldrich) i.v. into the saphenous vein at 40 mg/kg for 4 consecutive days under ketamine anesthesia; blood was taken under anesthesia on days 2, 4, 7, 11, 18, 25, and 39 after the initial day of BrdU administration. BrdU incorporation into newly synthesized DNA of PBMC was monitored in conjunction with cell surface markers by flow cytofluorometry (see below).
Cell Preparation. Blood collected in Na-heparin was differentially enriched by gradient centrifugation on Ficoll-Paque Plus (GE Health) according to the manufacturer's recommendations. Tissue samples were obtained in parallel by needle aspiration (bone marrow), surgical resection (lymph nodes), or elective necropsy (spleen). Single-cell suspensions were obtained by sterile organ homogenization followed by erythrocyte lysis with NH 4 Cl (0.84% wt/vol). All cells, except spleen and lymph node samples, were used in assays immediately upon collection. Spleen, lymph nodes, and their control blood samples were banked in liquid N 2 in FBS supplemented with 10% DMSO.
Flow Cytofluorometry. PBMC were stained for BrdU essentially as previously published (20) with the following modifications. Surface staining was performed with mAb against human CD4 (conjugated to PerCP-Cy5.5; Becton Dickinson, clone L200), anti-CD8␤-ECD (Beckman Coulter, clone 2ST8.5H7), anti-CCR-7-PE-Cy7 (Becton Dickinson, clone 3D12), CD11a-APC (eBioscience, cloneHI100), anti-CD95-PE (eBioscience, clone DX2), and CD28-biotin (eBioscience, clone CD28.2) or CD31-biotin (Biolegend, clone WM59) followed by streptavidin-Alexa Fluor 700 (Molecular Probes). Surface-stained cells were fixed by using cytofix/cytoperm (Becton Dickinson) for 30 min, additionally permeabilized with cell wash (Becton Dickinson) supplemented with 10% DMSO for 20 min, and repeat-fixed with cytofix/cytoperm for 5 min. Cells were overnight (16 h) digested in 60 l of cell wash supplemented with 0.28 mg of bovine pancreas-derived DNase (Sigma-Aldrich). For the analysis of Ki-67 expression in lymph node and bone marrow, random subsets from same animal cohorts were used. Intracellular staining was done with anti-Ki-67-FITC (Becton Dickinson, clone B56) and anti-BrdU-APC (Becton Dickinson, clone 3D4) for 30 min. Cells were analyzed by using an LSR-II instrument (Becton Dickinson) equipped with DiVa software and the FCS3.0 file system. Files were transferred and analyzed by using FlowJo software (version 8.2; TreeStar) on a Macintosh 10.3 operating system platform.
TCR Length Polymorphism Analysis. RNA was isolated from 1 ϫ 10 6 to 5 ϫ 10 6 PBMC by using TriReagent (Sigma). cDNA was made by using RT-PCR and subjected to a set of 24 separate TCR V␤-specific PCRs using previously published conditions (34, 35) , except for forward primers used to detect V␤3, V␤5, and V␤24, which were modified as follows: V␤3, 5Ј-GCACAACAGTTC-CCTGACTTGCAC-3Ј; V␤5, 5Ј-TGTCTACTGGTACCAG-CAGG-3Ј; V␤24, 5Ј-ACAATGAAGCAGACACCCCT-3Ј. PCR products were separated by PAGE using a ABI prism 377 sequencer (Applied Biosystems) and analyzed by using Immunoscope software (Institut Pasteur, Paris). The percentage of V␤ families exhibiting a single PCR peak in each animal was calculated by comparing the number of TCE ϩ V␤ families with the number of successfully PCR-expanded families in each of the animals, and animals expanding Ͻ50% of their V␤ families were not included in the statistics.
Statistical Analysis. A linear mixed model was used to examine the effect of aging and sex on the T cell subset distribution. For multiple comparisons, a Bonferroni-adjusted significance level was considered to control the family-wise error rate. Because the animals were measured at multiple time points over time, the mixed-effects models were used to analyze whether adult and old groups had similar temporal changes in BrdU value (percentage of cells detected). The covariance structure was assumed to have a first-order autoregressive, AR (1), based on the Bayesian information criterion. Two-sample t test analysis was used to determine the effect of aging in the percentage of Ki-67. Homogeneity of variance was tested by Levene's test, and Satterthwaite t statistics for unequal variance were used. The relation between the percentage of Ki-67 Ϫ BrdU ϩ and the percentage of N CD8 counts was investigated by using simple linear regression. Because of the skewness of the data, the data were transformed by using a logarithm. All statistical data analysis was performed with Statistical Analysis System software (version 9.1; SAS), and P Ͻ 0.05 was considered statistically significant.
